I. INTRODUCTION
O VER the past 10 years, a lot of dual-band antennas have been developed for wireless communications, particularly for 2.4/5-GHz wireless local area networks (WLANs) applications [1] - [14] . However, most of these dual-band antennas have an omnidirectional radiation pattern, which is most suitable for mobile terminals, such as cellular phones or laptop computers. For indoor wireless access points (APs) or point-to-point communications, it is sometimes required that the radiation pattern is directional to allow mounting the antenna against a wall or a ceiling surface [15] , [16] . Recently, RFID reader antennas operating at 2.4/5-GHz ISM bands are also required to have a high-gain directional pattern [17] , [18] . It is desirable for the antennas mounted on a wall/ceiling surface to be compact and low-profile. A number of dual-band directional antennas have been investigated in recent years. Nevertheless, these dual-band directional antenna structures either have a stacked configuration [19] - [23] or a high profile [24] .
In this letter, we propose a new simple compact planar dual-band directional antenna. The dual-band antenna consists of a single dipole for the lower band and a pair of dipoles for the upper band. All of these dipoles are printed on the same substrate and excited by a simple coupling microstrip line. The compactness of the dual-band antenna is achieved by end-loading the dipole for the lower band with a pair of capacitive strip lines. The compact dual-band antenna has a desirable directional radiation pattern in both the lower band and the upper band with antenna gains of 8 and 9-10 dBi, respectively. An equivalent circuit analysis for the design of the dual-band directional antennas is presented with experimental verification.
II. ANTENNA CONFIGURATION
The configuration of a compact dual-band directional antenna is depicted in Fig. 1 . The dual-band antenna consists of a longer dipole and a pair of shorter dipoles, which are designed for operation at the 2.4-GHz ISM band (2.4-2.5 GHz) and the 5-GHz UNII band (5.1-5.9 GHz), respectively. The pair of shorter dipoles for the upper band is connected by a coplanar stripline. All dipoles are printed on the bottom side of a thin RT/Duroid 5880 substrate (dielectric constant , loss tangent , and thickness mm). The printed dipoles are placed above a ground plane mm and excited by a coupling microstrip line across the coplanar strip. The coupling microstrip line is printed on the top side of the 1536-1225/$31.00 © 2012 IEEE substrate and fed through a 0.084-in semi-rigid coaxial line at the inner side of the coplanar strip.
To make the dual-band directional antenna compact, the length of the dipole for the 2.4-GHz band is shortened by introducing a pair of capacitive loadings (i.e., a pair of parallel strip lines) at the ends of the dipole. The total size of the dual-band directional antenna is mm , comparable to that mm for a 2.4/5.8-GHz dual-band directional antenna proposed in [17] , but much more compact than that mm for a 2.5-4.8 GHz wideband slot antenna presented in [16] . It should be mentioned that even though the dual-band directional antenna proposed in [17] has a lower height, it consists of a stacked configuration, and its operating frequency at the 5-GHz band only covers the 5.8-GHz ISM band (5.725-5.875 GHz). Therefore, the dual-band directional antenna proposed in this letter has the advantage of simple structure and relatively wide bandwidth. All geometric parameters for the compact dual-band directional antenna are listed in Table I .
III. EQUIVALENT CIRCUIT ANALYSIS
To understand the impedance matching for the coupling feed, an equivalent circuit model is presented in Fig. 2 . The input impedance of the dual-band antenna as excited by a voltage source (the coupling microstrip line has not been introduced yet) is denoted by . The coupling between the coplanar stripline and the microstrip line can be represented as an ideal transformer that has a turn ratio of . Following the transformer, the impedance is transformed into (1) where is called the impedance transformer coefficient. The input impedance looking into the microstrip line at the feed point is obtained by taking into account the opened microstrip line, which gives (2) where and are the characteristic impedance, phase constant, and the length of the opened microstrip line, respectively.
Since it is difficult to calculate the impedance transformer coefficient , we obtain by exciting the dual-band antenna with a two-port microstrip line across the coplanar stripline. Then, is determined from the -parameters of the two-port network enclosed in Fig. 2 , which can be expressed as [25] (3)
The results for and are given in a Smith chart as shown in Fig. 3 . We can see that is far away from the center of the Smith chart for the lower band and close to the : circle for the upper band, which means a bad impedance matching for the lower band and a slightly better impedance matching for the upper band. Following the transformer, the impedance is transformed into . For the lower band, is still outside the : circle. However, for the upper band, has moved to the inside of the : circle. After the introduction of the coupling microstrip line, we obtain the input impedance from (2). From Fig. 3 , we can see that for the lower band has gotten to the inside of the : circle, thus good impedance matching is achieved. For the upper band, still remains inside the : circle. From the above analysis, we have the following guidelines for the design of the dual-band directional antenna.
1) The impedance matching for the lower band is dominated by the impedance and the length of the microstrip line. The coplanar stripline is less important.
2) The impedance matching for the upper band is determined by the impedance and the coplanar stripline. The length of the microstrip line is less important. The input impedance calculated using (2) is compared to simulation results in Fig. 3 . It can be seen that the calculated and simulated results are in good agreement, thus validating the equivalent circuit analysis.
IV. EXPERIMENTAL RESULTS
Measured input impedance is marked in Fig. 3 . Agreement is observed. Slight difference is due to the effect of the feeding coaxial line, which causes some calibration error. Measured return loss is compared to simulation results in Fig. 4 . The 10-dB return loss bandwidths are 2.39-2.51 GHz for the 2.4-GHz band and 4.4-6.5 GHz for the 5-GHz band, respectively. Note that there is a spurious resonance around 1.4 GHz. This resonance is due to the feeding coaxial line that forms a top-loaded monopole with the dual-band antenna. The omnidirectional radiation pattern at 1.4 GHz (see the inset of Fig. 4) confirms the monopole mode. Note that the coaxial line has little effect on the directional radiation patterns for the 2.4-and 5-GHz bands. Radiation patterns measured and simulated at 2.45 and 5.5 GHz are plotted in Fig. 5 . Good directional radiation patterns are observed for both frequencies. Cross-polarization level is more than 20 dB lower than the copolarization, much better than that 10 dB obtained in [17] . It should be mentioned that the end-loading strips have little effect on the radiation pattern because the current on each strip flows in the two opposite directions, resulting in a cancellation for the far field. The antenna gains for the Fig. 6 . Gain of the compact dual-band directional antenna (inset is the antenna prototype).
compact dual-band directional antenna are respectively about 7.5 dBi for the 2.4-GHz band and 9.5 dBi for the 5-GHz band as shown in Fig. 6 , comparable to those in [17] . The higher gain in the upper band is due to the configuration of a two-dipole array. The higher-gain characteristic in the upper band is desirable for wireless communications because radio signals experience a higher path loss at a higher frequency. The radiation efficiency is higher than 95%, suitable for energy-efficient wireless access point and RFID reader applications.
V. CONCLUSION
A new type of compact dual-band directional antenna has been proposed and analyzed. The dual-band antenna consists of a capacitively loaded single dipole for the lower band and a two-dipole array for the upper band. All dipoles are printed on the same thin substrate. The printed dipole antenna is excited by a simple coupling microstrip line. The compact dual-band directional antenna achieves a desirable directional radiation pattern with a gain of 8 dBi for the 2.4-GHz band and 9-10 dBi for the 5-GHz band. Thus, it may find applications in wireless access points for high-speed WLANs or in RFID readers for long-range detection.
